Objective: To determine the effectiveness of exercise training (aerobic and resistance) in modifying blood lipids, and to determine the most effective training programme with regard to duration, intensity and frequency for optimizing the blood lipid pro®le. Design: Trials were identi®ed by a systematic search of Medline, Embase, Science Citation Index (SCI), published reviews and the references of relevant trials. The inclusion criteria were limited to randomized, controlled trials of aerobic and resistance exercise training which were conducted over a minimum of four weeks and involved measurement of one or more of the following: total cholesterol (TC), high density lipoprotein (HDL-C), low density lipoprotein (LDL-C) and triglycerides (TG). Subjects: A total of 31 trials (1833 hyperlipidemic and normolipidemic participants) were included. Results: Aerobic exercise training resulted in small but statistically signi®cant decreases of 0.10 mmolaL (95% CI: 0.02, 0.18), 0.10 (95% CI: 0.02, 0.19), 0.08 mmolaL (95% CI: 0.02, 0.14), for TC, LDL-C, and TG, respectively, with an increase in HDL-C of 0.05 mmolaL (95% CI: 0.02, 0.08). Comparisons between the intensities of the aerobic exercise programmes produced inconsistent results; but more frequent exercise did not appear to result in greater improvements to the lipid pro®le than exercise three times per week. The evidence for the effect of resistance exercise training was inconclusive. Conclusions: Caution is required when drawing ®rm conclusions from this study given the signi®cant heterogeneity with comparisons. However, the results appear to indicate that aerobic exercise training produced small but favourable modi®cations to blood lipids in previously sedentary adults.
Introduction
There is good epidemiological evidence that physical inactivity is an independent risk factor for coronary heart disease (CHD) (Paffenbarger et al, 1993; Powell et al, 1987) . This association persists after adjustment for potential confounders such as gender, age, blood pressure and smoking status. However, there are no randomized controlled trials examining the effect of physical activity on morbidity and mortality from CHD. This is largely due to the methodological dif®culties associated with such trials. An interim approach is to hypothesize that physical activity might lead to a reduction in CHD mortality and morbidity by reducing known CHD risk factors such as hyperlipidemia, hypertension and obesity.
Observational studies comparing active and inactive populations provide evidence that physical activity favourably modi®es blood lipids (Haskell, 1986) . In several studies, trained endurance athletes had lower concentrations of total cholesterol (TC), low-density lipoprotein (LDL-C) and triglycerides (TG), and higher concentrations of high density lipoprotein (HDL-C) than untrained individuals. However, it is uncertain whether this effect persists after removal of confounders such as body composition and diet (Superko, 1991) . 
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The ef®cacy of exercise training in the modi®cation of blood lipids JA Halbert et al Several reviews of the effect of exercise training on the blood lipid pro®le have been published (Haskell, 1986; Superko, 1991; Tran et al, 1983; Goldberg & Elliot, 1985) . While one meta-analysis (Tran et al, 1983) reported decreases in TC, LDL-C and TG with increases to HDL-C after exercise training, other descriptive reviews reported mixed results. Commonly, the changes in blood lipids were small and it was often dif®cult to separate the effects of exercise from confounders such as: differing study methodologies, changes in body composition during the training, difference in dietary intake, smoking status, gender and age. The reviews suggest that a`threshold' of training needs to be reached in order for substantial changes in blood lipids to occur. It is unclear whether this`threshold' relates to the volume of exercise (Superko, 1991; Tran et al,1983) or to the baseline lipid concentration (Haskell, 1986) as it has been shown that lipid concentrations change most in those with the poorest baseline pro®le (Haskell, 1986) .
The best training programme that will produce the greatest improvement in the blood lipid pro®le is yet to be determined. Most programmes have used American College of Sports Medicine guidelines (1990) which recommend aerobic exercise at 50 ± 85% VO 2 max with a minimum of three sessions per week. While such programmes produce substantial improvements in cardiorespiratory ®tness (American College of Sports Medicine, 1990) , there is less evidence for their effectiveness in changing blood lipid pro®les (Haskell, 1986) .
The primary aim of this study was to assess the ability of exercise training to favourably modify blood lipids by undertaking a meta-analysis of randomized, controlled trials. The secondary aim was to determine the features of an optimal training programme in terms of type of exercise, intensity, frequency and duration, which would maximally bene®t the blood lipid pro®le.
Methods

Inclusionaexclusion criteria
Only randomized and controlled trials which involved an aerobic or resistance training programme of at least four weeks duration were included. Trials reporting blood lipids as either the primary or secondary outcome were included. Trials with a cross-over design were included provided that the order of the treatments was randomized and these order effects were not signi®cant. Both hyperlipidemic and normolipidemic adults were included provided that the participants were sedentary, healthy and not rehabilitating from a cardiac event. Trials were excluded when the published report did not state that the participants were randomly allocated or when it was not possible to determine the intensity of the exercise programme.
Identi®cation of trials and data extraction
The included trials were identi®ed via a systematic search of the electronic databases: Medline, Embase and Science Citation Index (CSI), previous review articles and extensive examination of references from relevant trials. Search terms included exercise*, blood-lipid*, cholesterol* and randomized* (asterisks indicate an expanded term). Only studies published in the English language from January 1975 until December 1997 were included.
The information extracted included: methodology of the trial, total number of participants randomized, number of participants who completed the trial, age and gender of the participants, information on the exercise programme (type of exercise, intensity, frequency of sessions per week, duration of session, length of training period, supervision), activities during the control period, body composition measures, blood lipid analyses, changes in body mass during the control and training periods, dietary instructions to participants and adherence rates. Trials where the mean TC at baseline was less than 5.5 mmolaL or 5.5 mmolaL and above were termed normolipidemic and hyperlipidemic, respectively.
Quality assessment
The methodological quality of the studies reviewed was assessed using the scheme described in the Cochrane Collaboration Handbook (1995), which involves assessing the quality of the allocation (that is control of selection bias at entry). This is the only type of bias which has been empirically shown to result in systematic differences in assessment of the effect size. A three point rating scale was used with gradings of: (A) if the effort to control selection bias had been maximal (that is central randomization by an independent third party); (B) if there had been some effort to control selection bias (for example by use of sealed envelopes); and (C) if there had been little or no effort to control selection bias at entry. The score allocated to each The ef®cacy of exercise training in the modi®cation of blood lipids JA Halbert et al trial is included in Table 1 . It should be noted that in many cases, the score may re¯ect the quality of reporting rather than the methodological quality of the trials as information was often lacking about the randomization methods.
Data analysis
The effect of exercise on TC, TG, HDL-C and LDL-C was assessed independently. This effect was measured as the difference (mmolaL) between the mean change in blood lipid (baseline 7 ®nal value) in the training vs control groups. The variance of this difference is best calculated using the paired baseline and ®nal blood lipid measurements for each individual. However, none of the trials presented suf®cient information to allow this. Consequently, we adopted a conservative approach and calculated the variance of the difference between means which required us to assume that the baseline and ®nal blood lipids measurements were unpaired. The pooled effect size is a weighted average of the individual effects, with the weightings being inversely proportional to the variance of each individual effect (Bracken, 1992) . Results are reported as mean AE s.d. Ninety-®ve percent con®dence intervals (CI) were calculated for the pooled effect size using random effect models. Tests of heterogeneity were performed using the MantelHaenszel method (Cochran, 1954) . Change expressed as mean change in training group 7 mean change in control group, when change is baseline 7 ®nal lipid values.
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Results
Descriptive data of included trials
Forty-one trials met the inclusion criteria for the metaanalysis. After closer examination, 10 were excluded (see Appendix 1) due to insuf®cient data (either pre-and posttraining results or standard deviationsastandard errors were not provided). Of the 31 trials (involving 1833 participants) which were included (Table 1) , one trial (Leon et al, 1996) used a cross-over design while the remaining studies used a parallel design. Twenty-seven studies used aerobic training exclusively, three studies used resistance training (Boyden et al, 1993; Johnson et al, 1983; Manning et al, 1991) and one study (Hersey et al, 1994) employed both resistance and aerobic training groups (Table 1) . Five trials included participants of both sexes, ten trials contained only females and sixteen contained only males. Of the studies that included both males and females, only two trials (Juneau 1987; King 1991) analysed the results according to gender. The mean number of participants per study was 59 AE 52.4 (range 16 ± 300) and the ages of the participants ranged from 19 ± 83 y, with older participants ( b 60 y) represented in only six studies (Binder 1996; Blumenthal et al, 1991; Hersey et al, 1994; Motoyama et al, 1995; Nieman et al, 1993; Ready et al, 1995) .
The majority of the aerobic exercise programmes (21 trials) included walking, running andaor jogging. Three trials used cycle ergometer exercise (Aellen et al, 1993; Ready & Quinney, 1982; Stein et al, 1990) , while three studies used a combination of training modes (Blumenthal et al, 1991; Grandjean et al, 1996; Kiens et al, 1980) . One trial (Hersey et al 1994) contained both aerobic (walking) and resistance training groups. The average intensity of the aerobic programmes was 62.9 AE 14.0% VO 2 max (range 30 to 84%).
The mean length of the exercise (aerobic and resistance) training programmes was 25.7 weeks (range 9 to 52 week) and frequency of training sessions averaged 3.9 AE 1.1 sessions per week (range 2.5 to 7.0). There was a post-training decrease in body mass and body mass index of 0.95 kg (95% CI: 0.49, 1.40) and 0.62 (95% CI: 0.31, 0.94), respectively, in the exercise as compared with the control group. These changes in body weight were not signi®cantly correlated with the changes in TC (r 7 0.29), HDL-C (r 7 0.05), LDL-C (r 7 0.17) and TG (r 7 0.14).
Effect of aerobic training programmes
Aerobic exercise programmes (Table 2) resulted in favourable modi®cations to blood lipids with statistically signi®-cant (p`0.05) changes to TC, TG and HDL-C. Tables 3, 4, 5 and 6 compare the features of the aerobic exercise programmes with regard to exercise intensity, frequency and lipid status of the participants. Overall, the comparison of exercise intensities showed that programmes at intensities greater than 70% VO 2 max produced larger changes in TC and LDL-C while programmes at lower intensities modi®ed TG and HDL-C. Correlations between baseline lipid concentrations and the post-training changes were low; TC (r 0.10). TG (r 0.23), HDL-C (r 0.19) and LDL-C (r 0.17). Three exercise sessions per week resulted in greater modi®cations to all blood lipids than more frequent exercise. Signi®cant heterogeneity was found with all comparisons.
The effect of exercise on blood lipids differed, with similar patterns of change occurring between HDL-C and triglycerides and between TC and LDL-C. The largest changes, as a percentage of baseline concentration, were for HDL-C (4% increase) and TG (6% decrease). There were no statistically signi®cant correlations between the changes in TC, HDL-C, LDL-C and TG and energy expenditure (intensity6duration of exercise sessions), energy expenditure per week (intensity6duration6fre-quency of exercise sessions) and total volume (duration6 frequency of exercise sessions). In addition, there did not appear to be a relationship between the baseline lipid pro®le and the characteristics of the prescribed exercise in terms of energy expenditure and total volume.
Effect of resistance training programmes
Resistance training programmes (Table 2 ) resulted in a statistically signi®cant decrease in LDL-C with no differences for TC, TG and HDL-C.
Quality of included studies
Only four studies provided any information about the method of random assignment (Duncan et al, 1991; King et al, 1991; Wood et al, 1983; Wood et al, 1988) . Eleven studies included all randomized participants in the ®nal analysis with the remainder reporting results for only those participants who completed the follow-up. Twelve studies stated an adherence rate for session attendance (Baker et al, The ef®cacy of exercise training in the modi®cation of blood lipids JA Halbert et al 1986; Blumenthal et al, 1991; Boyden et al, 1993; Duncan et al, 1991; Grandjean et al, 1996; Hersey et al, 1994; Houmard et al, 1994; Kiens et al, 1980; King et al, 1991; Leon et al, 1996; Ready et al, 1995; Stein et al, 1990) . Four trials failed to provide information on the dietary instructions or the measurement of dietary intake (Johnson et al, 1983; King et al, 1991; Suter et al, 1994; Toriola, 1984) . In 19 trials, dietary intake was approximated via the completion of a 24-h (Lindheim et al, 1994) , 48-h (Grandjean et al, 1996) , 3-d (Baker et al, 1986; Duncan et al, 1991; Hersey et al, 1994; Houmard et al, 1994; Leon et al, 1996; Manning et al, 1991; Ready & Quinney, 1982; Ready et al, 1995; Wood et al, 1983) or 7-d (Binder et al, 1996; Hellenius 1993; Hinkleman & Nieman, 1993; Kiens et al, 1980; Nieman et al, 1993; Stensel et al, 1993; Williams et al, 1994; Wood et al, 1988 ) diet record at the beginning and the end of the training period. Two trials (Santiago 1995; Stein 1990 ) reported that dietary intake was monitored but did not report for what period.
Discussion
Previous work by Superko (1991) demonstrated that aerobic exercise training resulted in increases to HDL-C, decreases in TG, and variable changes in LDL-C. A meta-analysis (Tran et al, 1983 ) of 66 controlled trials reported an overall decrease in LDL-C (0.13 mmolaL), TC (0.26 mmolaL) and TG (0.18 mmolaL), with an increase in HDL-C (0.03 mmolaL). In the current review, similar posttraining changes were seen with HDL-C (0.05 mmolaL) and LDL-C ( 7 0.10 mmolaL), with smaller decreases in TG ( 7 0.08 mmolaL) and TC (0.10 mmolaL). The reason for the discrepancy between the results of the metaanalyses probably re¯ects the inclusion of trials without random allocation of participants in the previous review by Tran et al, (1983) . Recent methodological research has shown that the inclusion of non-randomized studies produces larger estimates of effect than are found in randomized trials (Schulz 1995) . While the increase in HDL-C in the current review was small, it is worth examining the clinical signi®cance of this change. Previous work which has examined the relationship between HDL-C and CHD demonstrated that a 1 mgadl (0.026 mmolaL) increase in HDL-C was associated with a signi®cant CHD risk decrement of 2% in men and 3% in women (Gordon 1989) . Thus, the current HDL-C increase represents a 3.8% and 5.7% decrease in CHD risk for men and women, respectively.
Training studies of the effect of resistive exercise programmes on blood lipid pro®les have reported mixed results. One review (Hurley, 1989) commented that while a number of trials had demonstrated improvements to lipid concentrations after resistive training, these studies were often¯awed by poor methodological quality and failed to take into account confounders such as changes in body composition during the training period. In the current review, we were disappointed by the low number of trials of resistance exercise that met the inclusion criteria. The reduction in LDL-C after resistance training seen in the current meta-analysis should be interpreted with caution as this result was based on only three trials, involving a total of 131 participants, and requires con®rmation with a larger study.
The descriptive reviews (Haskell, 1986; Superko, 1991; Goldberg & Elliot, 1985; Hurley, 1989) have commented on the dif®culty in separating the effects of the exercise training programme from changes in body composition, dietary patterns, smoking status, alcohol consumption, use of exogenous hormones and menopausal status. It is possible that changes in body weight due to exercise training are less important than changes in body composition as decreases in percentage body fat result in increases in HDL-C (Superko, 1991) . The majority of the included trials of this meta-analysis failed to measure body composition changes during the training period so we were unable to address this issue.
To determine the best way to modify blood lipids, different training schedules need to be compared. The current meta-analysis found no clear relationship between the intensity of exercise and the change in blood lipids; however, a comparison of the frequency of exercise indicated that three exercise sessions per week were more effective in modifying blood lipids than more frequent activity. The inability of this review to identify signi®cant differences between exercise programmes probably re¯ects the relative homogeneity of the exercise programmes included. The majority of the trials compared aerobic exercise training with sedentary control groups and only seven trials directly compared exercise programmes of differing intensities and frequencies. In addition, comparisons between programmes were limited by the absence of exercise at lower intensities (less than 60% VO 2 max).
The literature frequently reports the presence of à threshold' of exercise required to signi®cantly change blood lipids (Haskell, 1986; Superko, 1991) . It is possible that it is not the intensity, frequency or duration of the exercise that elicits a change, but rather the volume (frequency6duration6intensity) of activity. While one reviewer reported that increasing the number of hours of training resulted in small increases in HDL-C (Tran et al, 1983) , another stated that increases in HDL-C and decreases in TG are only obtained after 10 miles of jogging per week for 6 months (Superko, 1991) . In the current review, there was no relationship between the changes in lipid concentrations over the training period and the energy expenditure and total volume of the exercise programmes included. It is also possible that the`threshold' is not dependent on the exercise programme but is related to the baseline lipid concentration. Previous reviews (Haskell, 1986; Tran et al 1983) have reported that the higher the lipid concentration prior to exercise training, the greater the reduction (or increase in the case of HDL-C) in the posttraining concentration. In contrast, the current meta-analysis found no relationship between the baseline lipid concentrations and the degree of change with exercise. In addition, baseline lipid concentrations were not related to the characteristics of the exercise programme, thereby discounting the possibility that the individuals with the less favourable baseline lipid pro®les were prescribed exercise training at a lower intensity and volume.
The limitations of this review need to be considered when interpreting the ®ndings. As with other reviews, we found the quality of the published trials to be poor. The major defects were small sample sizes, failure to state the randomization methods and lack of information on how selection bias was controlled after entry. In addition, methodological differences in the measurement of blood lipids, laboratory and testing protocols resulted in trials of varying quality. This meta-analysis may also provide its own biases. In eight trials (Aellen et al, 1993; Duncan et al,
The ef®cacy of exercise training in the modi®cation of blood lipids JA Halbert et al 1991; Juneau et al, 1987; King et al, 1991; Stein et al, 1990; Suter et al, 1994; Toriola, 1984; Williams et al 1994) two or more intervention groups were directly compared with one control group. In these trials, the results of the control group were over represented in the analysis. One of the major limitations of meta-analyses based on smaller trials is the possibility of publication bias (Sacks et al, 1987) . Funnel plots (not shown) did not indicate that publication bias may be a problem since the plots appeared to show an equal number of trials with no change, an increase, and decrease in blood lipids. Signi®cant heterogeneity was found between trials included in all of the comparisons. This ®nding was not surprising given the extremely diverse differences between the changes in blood lipids of individual trials. Possible contributors to the heterogeneity include: the variability in the age of the included subjects, differences in pre-training blood lipid concentrations, small sample sizes and varying exercise programmes, but there was inadequate data available from the individual trials to explore this further.
In conclusion, we found that while aerobic exercise training did appear to alter blood lipids, the clinical importance of these changes is questionable. The bene®ts of exercise while small at an individual level, maybe of signi®cant public health bene®t if they can be applied broadly throughout the community. Such bene®ts need con®rmation in large prospective controlled trials. Until these are forthcoming, there is insuf®cient evidence to recommend exercising more than three times per week if the speci®c intention is to improve the blood lipid pro®le.
